Glutathione-dependent formaldehyde dehydrogenase (FLD) is a key enzyme required for the catabolism of methanol as a carbon source and certain primary amines, such as methylamine as nitrogen sources in methylotrophic yeasts. Here we describe the molecular characterization of the FLD1 gene from the yeast Hansenula polymorpha. Unlike the recently described Pichia pastoris homologue, the H. polymorpha gene does not contain an intron. The predicted FLD1 product (Fld1p) is a protein of 380 amino acids (ca. 41 kDa) with 82% identity to P. pastoris Fld1p, 76% identity to the FLD protein sequence from n-alkane-assimilating yeast Candida maltosa and 63-64% identity to dehydrogenase class III enzymes from humans and other higher eukaryotes. The expression of FLD1 is strictly regulated and can be controlled at two expression levels by manipulation of the growth conditions. The gene is strongly induced under methylotrophic growth conditions; moderate expression is obtained under conditions in which a primary amine, e.g. methylamine, is used as nitrogen source. These properties render the FLD1 promoter of high interest for heterologous gene expression. The availability of the H. polymorpha FLD1 promoter provides an attractive alternative for expression of foreign genes besides the commonly used alcohol oxidase promoter. The sequence has been deposited in the GenBank/NCBI data library under Accession No. AF364077.
Introduction
Heterologous production of biologically active proteins has become an important tool in fundamental and applied research. During the last decade methylotrophic yeasts have gained increasing interest, both for fundamental (van der Klei and Veenhuis, 1996; Subramani, 1998) and applied purposes (Cereghino and Cregg, 2000; Gellisen, 2000) . Currently, the H. polymorpha system provides a remarkably versatile technology platform for heterologous gene expression (Gellisen and Veenhuis, 2001) . The Hansenula toolbox includes a variety of host strains, various sites available for integration and several strong promoters (reviewed by van Dijk et al., 2000) . These promoters originate from inducible genes encoding enzymes/proteins involved in: (a) methanol metabolism, e.g. alcohol oxidase (AO), dihydroxyacetone synthase (DHAS) and formate dehydrogenase (FMD) (Faber et al., 1995; Gellisen et al., 1991; Hollenberg et al., 1997; Janowicz et al., 1988) ; (b) oxidation of primary amines (Zwart et al., 1983) ; (c) nitrate assimilation (Avila et al., 1998) ; or (d) an acid phosphatase (Pongdara et al., 1998) . Also, strong constitutive promoters have been identified in H. polymorpha, e.g. the genes encoding a plasma membrane-bound ATPase (Cox et al., 2000) or the translation elongation factor-1a (Baerends et al., 1997; Kiel and Veenhuis, unpublished results) .
Recently, the cloning and characterization of the P. pastoris FLD1 gene and its promoter (P FLD1 ) was reported (Shen et al., 1998) . The gene encodes formaldehyde dehydrogenase (Fld1p), a crucial enzyme in the catabolism of methanol . During methanol metabolism, peroxisomal alcohol oxidase mediates the first oxidation step of methanol to generate formaldehyde and, as a side product, hydrogen peroxide, which is decomposed by peroxisomal catalase to oxygen and water. A portion of the formaldehyde generated from methanol enters the cell biosynthetic pathway to form cell constituents (van Dijken et al., 1976; Douma et al., 1985) , while another portion leaves the peroxisome and is oxidized via formate (by Fld1p) to carbon dioxide (by FMD). These reactions generate reducing power in the form of NADH, thereby serving as the primary source of energy during growth on methanol . Furthermore, Fld1p is thought to play an important role in the protection of the cell from toxic formaldehyde that accumulates when excess methanol is present in the medium (Sibirny et al., 1990) . Fld1p is also involved in the metabolism of formaldehyde generated from other sources, such as primary amines (e.g. methylamine and choline) used as nitrogen source for growth (Zwart et al., 1980) . The H. polymorpha FLD1 gene was isolated by functional complementation of the P. pastoris fld1 mutant (Shen et al., 1998) . Here, we report the molecular characterization of this gene. The availability of the gene allows us to use its promoter for controlled production of other genes of interest, besides the currently available promoters.
Experimental procedures

Strain, media and complementation analysis
The Pichia pastoris fld1 his4 strain MS105 was cultivated as described previously (Shen et al., 1998) . Complementation analysis was performed as detailed in Cregg and Russell (1998) .
DNA procedures
Escherichia coli DH5a (supE44 DlacU169 (w80lacZDM15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1) (Sambrook et al., 1989) was used for plasmid construction and amplification. Cells were grown on LB medium supplemented with the appropriate antibiotics. For growth on agar plates, the media were supplemented with 1.5% granulated agar. Standard recombinant DNA manipulations (Sambrook et al., 1989) were carried out as detailed previously. Endonuclease restriction enzymes and biochemicals were obtained from Roche Diagnostics Nederland BV (Almere, The Netherlands) and used as detailed by the manufacturer. Sequencing of DNA was performed by BaseClear (Leiden, The Netherlands), using universal or specific primers in order to obtain the complete nucleotide sequence of the FLD1 gene and its upstream promoter region (by primer walking).
Subcloning of H. polymorpha FLD1
The plasmid pYG2 containing H. polymorpha genomic DNA, which was previously described to complement the P. pastoris fld1 mutant (Shen et al., 1998) . In order to locate the FLD1 gene on the insert, pYG2 was subjected to detailed restriction analysis and four subclones were analysed for their ability to complement the fld1 mutation. The smallest complementing subclone, a 2.4 kb SphI fragment of pYG2, was cloned into SphI-digested pUC19 (New England Biolabs, Leusden, The Netherlands). The resulting vector, pHOR1-2, was used for initial sequencing (single-stranded) in order to determine the exact position of the gene on the genomic DNA fragment. Since pHOR1-2 contained only a small FLD1 promoter fragment, a 3.5 kb genomic DNA fragment from pYG2 was subcloned as an Asp718 fragment into Asp718-digested phagemid pBluescript II KS + (pBSII KS + ; Stratagene Inc., San Diego, CA), resulting in pHOR6-1. Subsequently, a 3070 bp genomic fragment of pHOR6-1 was sequenced double-stranded.
Computer analysis
For DNA and amino acid sequence analysis the PC-GENE 2 program release 6.70 (IntelliGenetics, Mountain View, CA) was used. Genbank database searches were performed using the BLAST algorithm (Altschul et al., 1997) . A multiple amino acid sequence alignment was done using the ClustalX program (Thompson et al., 1997) .
Results and discussion
H. polymorpha formaldehyde dehydrogenase (Fld1p) is a glutathione-dependent enzyme, essential for the metabolism of formaldehyde generated from methanol or some unusual nitrogen sources (e.g. primary amines, choline) used for growth Zwart et al., 1980) . Deletion of the gene results in impairment of the cells to grow on methanol as sole carbon source (Zwart et al., 1980) . We used this property to clone the H. polymorpha FLD1 gene by functional complementation of a P. pastoris fld1 mutant, using an H. polymorpha genomic bank. After transformation, methanol + mutants were selected for further analysis. The complementing activity, indicated by the restoration of the ability of the P. pastoris fld1 mutant to grow on methanol, was found to reside within a 7.2 kb genomic insert of pYG2 (Shen et al., 1998) . To identify the H. polymorpha FLD1 gene within this sequence, the insert was subjected to restriction analysis and various subclones were made. These subclones were analysed for their ability to complement the P. pastoris fld1mutant (Figure 1) . The smallest complementing fragment, a 2.4 kb SphI fragment of pYG2, was used for initial sequencing. This fragment contains two putative open reading frames (ORFs). One of these, ORF1, showed the strongest similarity to Saccharomyces cerevisiae Snq2p (54%), the other displayed a very high identity to P. pastoris formaldehyde dehydrogenase (Fld1p, see below).
Since the 2.4 kb SphI fragment contains only a small FLD1 promoter fragment, a larger fragment of pYG2 was cloned and sequenced (Figure 1) . The DNA sequence of this fragment displayed two ORFs. Besides the FLD1 gene, an additional ORF was found which has a strong similarity to a Schizosaccharomyces pombe ORF encoding a probable peptidyl prolyl cis-trans-isomerase (pPPI; Accession No. T39728). Unlike the P. pastoris FLD1 gene, its homologue in H. polymorpha did not contain an intron (Shen et al., 1998) . The FLD1 ORF is 1143 bp long and is predicted to encode a protein of 380 amino acids with a calculated molecular mass of 40 655 Da.
The Genbank/NCBI database was searched for other proteins with amino acid sequence similarity to H. polymorpha Fld1p. The sequence of the putative H. polymorpha Fld1p showed the highest identity (82%), as expected for that of glutathionedependent Fld1p from P. pastoris (Figure 2) . Furthermore, the protein displayed a strong similarity (76%) with Fld from the yeast Candida maltosa. This yeast assimilates n-alkanes and the Fld enzyme is thought to be involved in the protection from the toxic effects of formaldehyde (Sasnauskas et al., 1992) . The H. polymorpha Fld1p also showed 63-64% identity with dehydrogenase class III enzymes from humans and other higher eukaryotes (Holmquist and Vallee, 1991; Koivusalo et al., 1989; Giri et al., 1989) .
In P. pastoris, the FLD1 promoter was demonstrated to present an attractive alternative to the commonly-used alcohol oxidase promoter. P. pastoris P FLD1 was shown to be a highly regulatable promoter that is capable of producing a heterologous protein at levels equal to or higher than those produced by P AOX1 (Shen et al., 1998) . Detailed biochemical analysis have demonstrated that the H. polymorpha FLD1 gene is also strictly regulated (Eggeling and Sahm, 1978; Zwart et al., 1980) . When cells are grown on glucose/ammonium sulphate, no formaldehyde dehydrogenase activity is measured, while a shift of cells to media containing methanol as carbon source or primary amines such as methylamine results in strong induction of the gene and high enzyme activities (Eggeling and Sahm, 1978; Zwart et al., 1980) . So far, we have made use of the endogenous alcohol oxidase promoter for overexpression of endogenous or heterologous genes in H. polymorpha (van Dijk et al., 2000) . In order to obtain a stable and high expression strain the constructed overexpression cassette is usually integrated into the genomic P AOX locus at a high copy number (Baerends et al., 1997; Faber et al., 1995) . Recently, we found that subsequent overexpression of two different constructs at the same P AOX locus resulted in diminished production levels when compared to strains containing a similar copy number of only one of the two constructs (Otzen and Kiel, unpublished results). It is therefore advantageous to have an additional strong inducible promoter available. Construction of a suitable vector containing the P FLD1 promoter, in order to facilitate overexpression of genes of interest, is now under way.
